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Abstract

RHIC will offer the possibility to investigate in more detail a number of particle beam phenomena
that are of interest in the LHC era. This is partly due to RHIC’s parameter range and partly due
to new and innovative diagnostics equipment that will be installed in the rings. In this report,
we motivate and outline several machine experiments. These experiments concern weak-strong and
strong-strong beam-beam interaction, electron clouds, the dynamic aperture, intrabeam scattering,
and the ring circumference.

1 Introduction

Accelerators of the LHC era are faced with a number of new challenges as their parameters are pushed
to provide for higher energies and luminosities. RHIC is a test bench for the investigation of phenomena
that limit these efforts since it is one of only two hadron colliders in existence and the only one that can
collide two hadron beams of relatively high intensity. Tab. 1 shows relevant RHIC machine parameters
for gold operation [1].

Table 1: RHIC parameters for gold operation [1].

Parameter Symbol Value

Circumference C 3.8 km

Betatron tunes Qzy 29.18, 28.19

Ton species - gold

Atomic number A 79

Mass number A 197

Bunch population Ny 10°

Normalized emittance (1 o) ex? 1.7-6.7 pm

Lorentz factor ~ 12.6 (injection), 100 (top energy)
IP beta function Y 10 m (injection), 1 m (top energy)
Average beta function in arcs B,y 30 m

rms bunch length? o 0.4 m (injection), 0.25 m (top energy)

"The bunch length quoted for top energy corresponds to a beam filling the entire 200-MHz rf bucket.

In addition, a number of new and innovative beam diagnostics devices will allow new types of exper-
iments. These are: turn-by-turn ionization profile monitors [2] (installed and tested), AC dipoles [3, 4]

=

(under construction) and a pulsed quadrupole [5] (proposed).
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2 Weak-Strong Beam-Beam Effects

The LHC will enter a new regime of beam-beam interaction, where the effect of the 16 parasitic long-
range encounters on either side of each interaction point is the dominant perturbation, rather than the
head-on collision. (Perhaps wrongly, we use the term ‘head-on’ collision also when in reality the beams
collide under a small crossing angle. The latter is not included in our 4-dimensional computer model.) In
simulations for both SSC [6] and LHC [7,8], the long-range collisions give rise to a well defined diffusive
aperture z44. For the nominal LHC parameters the diffusive aperture is about 60, as illustrated in Fig. 1.

The diffusion rate, plotted along the vertical axis, refers to the average increase per turn of the
rms action for 100 particles launched with equal betatron oscillation amplitudes and random betatron
phases. The rms spread is computed as a running average over 1000 turns, in order to suppress regular
fluctuations. The initial oscillation amplitudes in the horizontal and vertical plane are chosen to be the
same. The diffusion rate is measured in units of 10%/¢ (¢ being the rms emittance). A value ‘1’ on the
vertical axis means that the rms action spread of a group of particles grows from zero to a value equal
to the rms beam emittance within 108 turns, which amounts to 2.5 hours for the LHC, and 20 minutes
for RHIC. Diffusion rates larger than ‘1’ should be observed easily.

Fig. 1 shows that, for the LHC, the diffusive aperture is roughly 3 o smaller than the beam-beam sep-
aration Zsep (Zsep & 9.50). Beyond this aperture, the diffusion is increased by many orders of magnitude,
and, in conjunction with magnetic field nonlinearities, it will result in rapid particle loss.

A simple scaling argument for a 1/r force [6] predicts that the distance of the diffusive aperture to
the beam-beam separation is proportional to the square root of the bunch current [6,8], or

Tdg = Tsep — A (1)
with

A Ny

— 2

o x Aen 2)

where o denotes the rms beam size, N the number of particles in the bunch, ey the normalized emittance,
7 the atomic number, and A the mass number. In particular, the aperture reduction A is independent
of the beta function at the main interaction point (IP), and also independent of the beam energy. Tt does
depend strongly on the normalized emittance and on the atomic number.

Because of the large bunch spacing, at RHIC there are no parasitic beam-beam encounters with 60
bunches [9]. Nevertheless, an equivalent long-range effect can be obtained by separating the two colliding
beams at the main interaction points by about 10 o. Fig. 2 shows a few typical simulation results for
RHIC, assuming a beam-beam separation of 10 ¢ at two IPs (no collisions in the other TPs). The left
picture refers to the nominal bunch population of N, = 10° gold ions for the opposing beam. The right
picture is for a 100 times larger bunch charge: N, = 10''. As expected, the diffusive aperture is the same
at injection and at top energy. Clearly visible, in the right picture, are steep increases of the diffusion at
an amplitude of about 6-7¢. This is quite reminiscent of the LHC simulations in Fig. 1 [8]. If the beam
emittance is larger the diffusive aperture is located further outside, in accordance with our above scaling.
For the nominal charge, in the left picture, the diffusive aperture is less pronounced. Still, the diffusion
rate increases by many orders of magnitude as the oscillation amplitude approaches the opposing beam.

For simplicity, an experiment can be conducted with a small number of bunches, and (long-range)
collisions in only one or two IPs. At the other IPs the beams may be completely separated. The
current difference between the two beams should be a factor of two or more, in order to suppress strong-
strong beam-beam effects, which otherwise might be present as well (see later). The quantity to be
measured is the diffusive aperture experienced by the weaker beam. If the beam lifetime is dominated
by scattering processes, it is roughly inversely proportional to the aperture and a good indicator. To
determine the amplitude-dependent diffusion rate transverse turn-by-turn profiles from the residual-gas
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Figure 1: Simulated change of action variance per turn as a function of starting amplitude, for the
LHC [8]. Compared are different combinations of head-on collisions, long-range collisions, triplet-field
errors, tune modulation, and Moebius twist.

ionization monitor [2] or collimators [10]. Transverse white noise excitation applied to the weak beam
will improve the measurement resolution.

3 Strong-Strong Beam-Beam Effects

In the case of two colliding bunches, two coherent oscillation modes exist: a ¢ mode where the two
bunches oscillate in phase, and a m mode, where the two bunches oscillate with respect to each other.
The frequency of the o mode equals the unperturbed betatron tune (in the absence of collisions), whereas
the frequency of the m mode is shifted. In case of proton-proton (or gold-gold) collisions, the frequency
of the m mode is shifted downwards, because the beam-beam collisions are defocusing.

Using an analytical approach developed by Yokoya and coworkers [11], Alexahin predicted that the
coherent m mode in the LHC will not be Landau damped, if the currents in the two beams are the same
to within 40%, and if the two tunes are equal. The reason is that under these conditions the coherent
tune shift (involving the so-called Yokoya factor) is larger than the incoherent tune spread. No analytical
theory exists on the stabilizing or destabilizing effect of long-range collisions.

Recent simulation studies [13] confirm Alexahin’s prediction, that the m mode is undamped for the
nominal LHC parameters. A typical simulation result for head-on collisions with equal charge is shown
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Figure 2: Simulated action diffusion rates in RHIC, with 100 beam separation at two IPs, as a function
of the starting amplitude. The simulation assumes gold ions, with a bunch population of N, = 10° [left]
and Ny = 10" [right]; betatron tunes @, = 29.18 and @, = 28.19; and different normalized emittances
as indicated. The planes of separation are alternating: horizontal at one IP and vertical at the other.

in Fig. 3. The simulations also suggest that the long-range collisions will not stabilize the 7 mode, but
on the contrary destabilize it further. As a possible cure, Hofmann proposed to separate the tunes in the
two rings [14]. If the tune split of the two rings is larger than the beam-beam tune shift (multiplied by
the number of collision points), the oscillations in the two rings are essentially decoupled, and the former
m mode is shifted back into the continuum tune spread of either beam, and becomes Landau damped.
Simulation results indicate that this cure is efficient [13]. However, since both theory and simulations rely
on various approximations and assumptions, an experimental study of the # mode stability is needed.

In a machine experiment, the self-excitation or damping of the = mode can be observed as a function
of the current ratio of the two beams, and, for equal currents, as a function of the tune difference between
the rings. At the start of collisions, the beam-beam tune shift in RHIC is

rp 22N g*

= - ~2x 1078 (3)
ZF’YAJ;’y(O"; + 0"5)

§

where A denotes the mass number, Z the atomic number, and we have assumed gold ions. Thus, to
clearly observe the effect of the decoupling, in the experiment the tune split A@ should be varied from
0 to at least 0.005 times the number of collision points. For each working point, the response to a
tune excitation reveals the damping or non-damping of the @ mode. This experiment can be performed
both with head-on collisions, for which we have analytical predictions, and with a transverse beam-beam
separation of a few o. The latter case will allow us to study the coherent beam-beam modes which are
supported by the long-range collisions.
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Figure 3: Simulation of coherent beam-beam modes at the LHC [13]: frequency spectrum of the bunch
centroid motion (over 2!7 turns, N = 10* macro particles). The horizontal axis gives the tune shift from
the unperturbed tune @ in units of &, i.e. w = “=2. The vertical axis is the corresponding amplitude in

logarithmic scale. The 7- and o-oscillation modes are clearly visible.

4 Electron Cloud

The build-up of an electron cloud in the LHC beam pipe can induce a significant heat load on the vacuum
chamber wall as well as a transverse multibunch instability [15-18]. Recently, a strong pressure rise has
been observed in the CERN SPS when operated with the LHC test beam (84 bunches with 25 ns spacing).
The onset of the pressure rise depends strongly on the bunch population and on the length of the LHC
bunch train. The phenomenon is attributed to a multipacting electron cloud, that rapidly grows during
the bunch train passage. The fast growth indicates a large secondary emission yield of the beam pipe
surface. The SPS vacuum chamber is made from stainless steel without any coating.
The multipacting condition reads [15]

b2
re As )

Ny =

where As is the bunch spacing, Z the atomic number, r. the classical electron radius, and b the beam
pipe radius. Although the simple multipacting picture i1s oversimplified, perhaps the above equation may
give a rough indication of the scaling behavior. With 60 uniformly placed bunches, the bunch spacing in
RHIC is about 10 times the LHC spacing. Since the chamber radius is nearly twice that of the LHC, the
‘equivalent’ curent (N,Z) would be about a half or a third of the LHC current, i.e. a few times 10'°.
However, the situation is more complicated than this. Due to the larger beam pipe radius, electrons
at the chamber wall will gain much less energy when a bunch passes by than those at the LHC. For the
smaller electron energy, the secondary emission yield is reduced, and, hence, fewer secondary electrons
are produced when the primary electrons impinge on the wall. In addition, since the bunch spacing is



Table 2: Simulated heat load induced by electron cloud under various conditions, assuming a maximum
secondary emission yield of dmar = 2.5, and a primary ionization-electron yield of Y,. = 0.03 per meter.

Condition Heat load

60 bunches, ZN;, = 10'!, injection 2.1 mW/m
60 bunches, ZN, = 2 x 10'%, injection 0.1 mW/m
60 bunches, ZN, = 10!, top energy 2.2 mW/m
120 bunches, ZN, = 10", injection 9.1 mW/m
240 bunches, ZN, = 10'!, injection 131 mW/m
360 bunches, ZN, = 3 x 101° injection 3.4 mW/m
360 bunches, ZN;, = 10'!, injection 1138 mW/m

larger, a bigger fraction of electrons is lost, before the next bunch arrives. Therefore, we expect that
the electron cloud at RHIC is much weaker than in the LHC case. This was also the result of earlier
studies [19].

Although unlike for the LHC (but like the SPS) there are no photoelectrons, in RHIC a fairly large
number of electrons may be produced by gas ionization. A typical ionization cross section for relativistic
singly charged particles is 2 Mbarn. For gold ions, the cross section is enhanced by a factor Z?; it is
about 0;,, &~ 1.2 x 107 ecm?. At a pressure of 1 nTorr and a temperature 4 K, the molecular density of
the vacuum is 2.5 x 10'® m~3. The number of ions and ionization electrons generated by one gold atom
per meter is then about 0.003. If the actual pressure in the cold sections is not 1 nTorr, but below 107!
nTorr [1], the ionization-electron yield could be 100 times smaller than estimated.

A computer simulation [16,17] takes into account most of the above effects. As input parameters,
we assume an average rms beam size in the arcs of 2 mm at injection (1.4 mm at top energy), and an
rms bunch length of 0.4 m (0.25 m at top energy). In addition, we use a maximum secondary emission
yield of d,,4; = 2.5, which is much larger than for the LHC beam pipe. Simulation results are shown
in Fig. 4. The longitudinal charge density of the electron cloud is of the order of 10® per meter. The
situations at injection and at top energy (not shown) are nearly indistinguishable. For the nominal bunch
spacing, the electron cloud disappears almost completely before the next bunch arrives, both for a bunch
charge ZN, = 101, illustrated in the top left picture, and for a reduced charge of 2 x 10'° (top right
picture). As illustrated by the two center and the bottom left pictures, for shorter bunch spacing there
can be a significant accumulation of electrons, and the cloud density increases considerably. Finally, we
have simulated the case of 360 bunches with a third of the charge per bunch, ZN, = 3 x 10'°, which is
illustrated in the bottom right picture. This last case might be realized by fast de- and rebunching with
the 28-MHz rf system.

The simulated heat load is 2.1 mW/m and 2.2 mW/m for the nominal parameters at injection and
top energy, respectively. Similar numbers were obtained in Ref. [19]. For 1/5th the current, the heat load
decreases to 0.1mW/m. This is slightly higher than expected if the heat load was due to the primary
electrons alone (in which case there would be a cubic dependence of the heat load on the bunch charge).
Finally, for a reduced bunch spacing of 32 m (or 120 uniformly placed bunches), the heat load increases to
9.1 mW/m. Much larger values are obtained for even shorter bunch spacings. For 240 and 360 equidistant
bunches. the heat loads are comparable to those predicted for the LHC. Simulated heat loads for various
cases are listed in Tab. 2.
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Figure 4: Simulated electron cloud build-up in RHIC. Shown is the total charge of the electron cloud
in a 10-m long dipole section as a function of time, during a bunch train passage. A primary ionization

electron yield of Y,. = 0.03 over a 10-m length is assumed, and a maximum secondary emission yield

Top left:

2.5 x 10'%) and nominal spacing;

center left: 1/2 bunch spacing (120 bunches); center right: 1/4 bunch spacing (240 bunches); bottom

2.5 at 300 eV. Image charges are not included; however, space-charge forces are.
left: 1/6 bunch spacing (360 bunches); bottom right: 1/6 bunch spacing and reduced bunch charge (360

of (5ma1:

nominal injection parameters; top right: reduced bunch charge (7N,

3 x 1019).

bunches and ZN,



5 Dynamic Aperture and Nonlinear Dynamics

Carefully performed element-by-element tracking is now able to reproduce measured dynamic apertures
within 30% [20—-23]. However, these attempt are only successful if the nonlinear properties of the accel-
erator are accurately modeled. Techniques to determine experimentally the nonlinear coefficients of a
one-turn map are therefore highly desirable. The knowledge of these coefficients may also allow for an
effective compensation of resonances that dominate the dynamic aperture.

The AC quadrupole in RHIC is one instrument with which nonlinear coefficients of the accelerator
Hamiltonian can be determined in a non-destructive manner [3,4]. Another way is to reconstruct the non-
linear Hamiltonian from turn-by-turn orbit data for a kicked beam. This requires two (non-degenerate)
beam-position monitors capable of sampling orbit data over successive turns. Following the early work
of Bengtsson [24], and making use of new techniques for precision tune evaluation [25,26], the SUSSIX
program [27] of Bartolini and Schmidt calculates the amplitude and phase of higher-order spectral lines,
which are directly related to the Hamiltonian [28]. So far, this program has been applied to orbit data
from the SPS and LEP [29], as well as from the KEK/ATF Damping Ring [30]. Detuning with amplitude
and resonance driving terms inferred from the measured turn-by-turn orbits may be compared with those
obtained from tracking data so that an accelerator model can be validated or rejected. Fig. 5 shows
typical a simulation result for the ATF Damping Ring. In all cases studied up to now, the measured tune
shift with amplitude agrees well with the model. Some of the resonance driving terms are different from
the expectation, however.
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Figure 5: Simulated detuning with amplitude [left] and normalized (—2,0) spectral line [right] as a function
of the oscillation amplitude, for the ATF Damping Ring [30].

6 Intrabeam Scattering

Intrabeam scattering is a strong effect in RHIC and it is expected that it will lead to operational lim-
itations at injection and storage. A quantitative test of the existing theories on emittance growth and
beam profile as developed in references [31-36] will therefore lead to a better understanding of intra beam
scattering effects and hopefully to a better accelerator performance.



Another interesting topic waiting for exploration is the interplay of intrabeam scattering with nonlinear
dynamics, e.g. due to magnet nonlinearities and/or beam-beam interaction. Analytical predictions for
this interplay include the transport enhancement by resonance streaming [38]. To take a first look at
such an interplay, one could measure transverse emittance growth rates due to intrabeam scattering
for different values of the detuning with amplitude. Another, more exotic possibility is the suppression
of intrabeam scattering by applying an rf phase modulation at three times the synchrotron frequency.
Such modulation techniques have been used at synchrotron light sources to improve the Touschek beam
lifetime [39]. Finally, echo signals are sensitive to diffusion or scattering processes inside the bunch [40,41].
At RHIC it may be possible to perform longitudinal as well as transverse echo experiments [5].

7 Center Frequency

An elegant technique of measuring the ring circumference, and at the same time, centering the beam orbit
on average in all the sextupole magnets independently of BPM readings, is to measure the horizontal and
vertical tune shifts with the rf frequency (as in chromaticity measurements) for several different sextupole
excitations. Plotting the tunes versus the rf frequency, nearly straight lines are obtained (one line for
each sextupole setting) which intersect at one point. The rf frequency which corresponds to the point of
intersection is the center frequency, and via the beam velocity it translates into a circumference.

Such measurements were performed at DORIS and HERA by Piwinski, and at LEP by Hofmann and
Schmickler [43]. An example from LEP is shown in Fig. 6.
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Figure 6: LEP chromaticity measurements for different sextupole excitation patterns, with net chro-
maticities in the range £ = —10 to +40 [42]. The intersection of the different lines determines the central
frequency, where the orbit is on average centered in the sextupoles. (Courtesy H. Burkhardt, 1998.)
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